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knee joint function, return to physical activity and long-term outcome. This severity is represented by a
grade that is attributed by a clinician in a subjective manner, rendering the pivot shift test poorly
reliable.
The purpose of this study was to unveil the kinematic parameters that are evaluated by clinicians
when they establish a pivot shift grade. To do so, eight orthopaedic surgeons performed a total of 127
pivot shift examinations on 70 subjects presenting various degrees of knee joint instability. The knee
joint kinematics were recorded using electromagnetic sensors and principal component analysis was
used to determine which features explain most of the variability between recordings. Four principal
components were found to account for most of this variability (69%), with only the ﬁrst showing a
correlation to the pivot shift grade (r¼0.55). Acceleration and velocity of tibial translation were found
to be the features that best correlate to the ﬁrst principal component, meaning they are the most useful
for distinguishing different recordings. The magnitudes of the tibial translation and rotation were
amongst those that accounted for the least variability. These results indicate that future efforts to
quantify the pivot shift should focus more on the velocity and acceleration of tibial translation and less
on the traditionally accepted parameters that are the magnitudes of posterior translation and external
tibial rotation.
& 2010 Elsevier Ltd. All rights reserved.1. Introduction
The pivot shift test reproduces the complex rotational and
translational instability of the tibiofemoral joint, which is
associated with the episodes of giving way that are often reported
by ACL-deﬁcient patients. It is the only clinical test that correlates
to subjective criteria of knee joint function following rupture of
the anterior cruciate ligament (ACL) (Kocher et al., 2004; Leitze
et al., 2005). As such, it is widely accepted that the objective of
reconstructive surgery should be to eliminate or limit the pivotll rights reserved.
e en imagerie et orthope´die,
avillon J.A. de Seve, 1st ﬂoor,
ue´.), Canada H2L 4M1.shift, which is graded subjectively by the clinician as being a grade
0 (none), grade 1 (glide), grade 2 (clunk) or grade 3 (gross clunk).
During the pivot shift test, the clinician ﬂexes the evaluated
knee while applying onto it a valgus moment. As the ACL-deﬁcient
knee ﬂexes, the tibial plateau gradually subluxates anteriorly and
rotates internally. At approximately 301 of ﬂexion, the tibia
suddenly returns to its reduced position. In other words, the pivot
shift is said to be a combination of posterior tibial translation and
external tibial rotation (Matsumoto, 1990; Bull and Amis, 1998;
Lane et al., 2008a).
Different studies have attempted to measure the precise
kinematics of the pivot shift in an effort to establish a more
objective and quantitative measurement (Bull et al., 2002;
Hoshino et al., 2007; Kubo et al., 2007; Amis et al., 2008; Lane
et al., 2008b; Lopomo et al., 2009). Several studies have indeed
conﬁrmed a correlation between posterior tibial translation and
Fig. 1. A clinician performing an instrument pivot shift examination on a subject.
D.R. Labbe et al. / Journal of Biomechanics 43 (2010) 3080–3084 3081the grade of pivot shift whereas external tibial rotation has been
shown to vary greatly between subjects and to have a weak
correlation to the grade (Bull et al., 2002; Kubo et al., 2007).
The pivot shift is a complex, dynamic bone displacement.
Posterior translation and external rotation have been insufﬁcient
in deﬁning a quantitative measure of the pivot shift or a
classiﬁcation algorithm that would attribute the grade in a manner
similar to that of an experienced clinician. If in fact the clinicians are
not solely evaluating the magnitude of posterior translation and of
external tibial rotation when they attribute a grade, some other
features must be involved. The elevated number of kinematic
features that can be extracted from the kinematic data of pivot shift
test recordings makes it difﬁcult to study the correlation between
these features and the pivot shift grade.
In this study, we use principal component analysis (PCA) as a
dimension reduction method, which allows us to gain insight into
which elements of the pivot shift kinematics explain most of their
variability. PCA has been used in previous studies of knee
biomechanics. Olney et al. (1998), Deluzio et al. (1997), Deluzio
et al. (1999) and Deluzio and Astephen (2007) used PCA for
dimension reduction of gait kinematics. Landry et al. (2007) and
O’Connor and Bottum (2009) applied PCA to the biomechanics of
cutting movements and successfully identiﬁed gender differences.
Jones et al. (2008) utilized a hybrid method that included PCA to
characterize the differences between osteoarthritic and normal
knee function. Lee et al. (2009) showed that PCA allowed for the
quantiﬁcation of the effect of external loads on lower body
kinematics.
We hypothesize that the use of PCA will allow for the
identiﬁcation of less obvious kinematic features that are key to
explaining the variability between pivot shift recordings. Further-
more, we hypothesize that these features will correlate favorably to
the clinical grade. Such a correlation would offer a better under-
standing of what a clinician is feeling when he attributes a grade.2. Methods
2.1. Experimental protocol
Twelve asymptomatic subjects and 58 symptomatic subjects presenting
various degrees of knee joint instability following ACL rupture were evaluated
by one of eight different orthopaedic surgeons. The subjects all had chronic ACL
injury and were on a waiting list for reconstructive surgery. Most subjects had
both knees evaluated and twelve were evaluated by three different surgeons,
resulting in 127 pivot shift tests. Table 1 shows the distribution of the pivot shift
grades for these evaluations.
For each evaluation, the subject had electromagnetic motion capture sensors
(Fastrak, Polhemus, Colchester, VT) ﬁxed to his thigh and shank using an
attachment system. A functional calibration method was performed to identify
hip, knee and ankle joint centers and establish anatomical axes (Hagemeister et al.,
2005). The clinician then performed the pivot shift test on the instrumented knee
in the same manner as he does in his clinical practice (Fig. 1). He attributed a grade
of 0, 1, 2 or 3 to the pivot shift he produced.
2.2. Data analysis
The position data were ﬁltered using a second order Butterworth lowpass ﬁlter
with a cutoff frequency of 6 Hz. They were then combined with the results of the
functional calibration to be expressed as kinematics in the anatomical axes of theTable 1
Number of knees evaluated for each grade.
Clinical grade Number of recordings
0 36
1 29
2 37
3 25knee, as described by Grood and Suntay (1983). This resulted in translations and
rotations in three axes, expressed as relative motion of the tibia with respect to the
femur. Velocities and accelerations were calculated by derivative and double
derivative of positional data.
Custom software developed in Matlab (Mathworks, Natick, MA) presented the
user with the kinematic curves for an entire recording for one subject. The user
manually indicated the knee ﬂexion during which the clinician indicated having
successfully induced the pivot shift. The beginning and the end of the ﬂexion were
deﬁned as the points of minimum and maximum ﬂexion, respectively. For this
range, the magnitude of the translations and rotations in all three axes were
extracted. These magnitudes were deﬁned as the difference between the
minimum and maximum values within the range. Total translation was also
calculated as, in some knees, the reduction component of the pivot shift has been
shown to be in the posterolateral direction rather than only posterior. Flexion was
not included for further analysis as the ﬂexion is controlled by the clinician and is
not a possible component of the pivot shift. Similarly, proximodistal translation
was also excluded. The velocities and accelerations of all the retained parameters
were calculated by derivative and double derivative and their maximum values in
the range of ﬂexion were extracted. This resulted in the list of features presented
in Table 2.
2.3. Principal component analysis
Principal component analysis (PCA) was performed on this set of 15 features
across all 127 recordings, using Matlab. For this analysis, the data were mean-
centered and scaled to unit variance. This ensured that features with higher
variance did not overshadow those with lower variances.
The objective of PCA is to perform dimensionality reduction while retaining as
much of the variation present in the original dataset as possible. Consider M
(nm), the matrix containing the dataset. n is the number of recorded data and m
the number of variables (the pivot shift features).
M¼
m1,1 : : m1,m
: : : :
mn,1 : : mn,m
0
B@
1
CA
The eigenvalues and eigenvectors of the covariance matrix M are obtained by
an eigenvalue decomposition. The eigenvalues are ranked in decreasing order
Table 2
List of kinematic features included in the principal component analysis.
Kinematic parameter Extracted features
Anteroposterior translation Magnitude Velocity Acceleration
Mediolateral translation Magnitude Velocity Acceleration
Total translation Magnitude Velocity Acceleration
Internal/external tibial rotation Magnitude Angular velocity Angular acceleration
Abduction/adduction Magnitude Angular velocity Angular acceleration
Fig. 2. The scree plot of the 15 principal components (PCs).
Fig. 3. Cumulative percentage of total variance explained by the principal
components.
Table 3
Factor loading of the pivot shift features.
Pivot shift feature Component
PC1 PC2 PC3 PC4
Total translation acceleration 0.840
AP translation velocity 0.809
Total translation velocity 0.799
ML translation acceleration 0.758
AP translation acceleration 0.693
Abduction acceleration 0.669
Tibial rotation velocity 0.930
Tibial rotation acceleration 0.823
Tibial rotation magnitude 0.670 0.526
Abduction magnitude 0.828
Total translation magnitude 0.726
ML translation magnitude 0.642
Abduction velocity 0.501
ML translation velocity 0.757
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The eigenvector associated with the largest eigenvalue constitutes the ﬁrst
principal component, PC1. The second PC, PC2, corresponds to the second highest
eigenvalue and so on. In this study, a varimax rotation was applied to the principal
component axes to simplify interpretation. A varimax rotation is an orthogonal
rotation such that the sum of the variances of the squared coefﬁcients within each
eigenvector is maximized (Kaiser, 1958). This simpliﬁes interpretation because
each original variable tends to be associated with one (or a small number) of
components.
A powerful property of PCA is that the majority of the variation is explained by
the ﬁrst few principal components, {PC1, PC2,y, PCk} where kom. Components
corresponding to the small eigenvalues can be dropped and the reduction in
dimension is achieved. The number of principal components to retain can be
determined using the scree test (Cattell and Vogelmann, 1977) and ensuring that
eigenvalues are greater than 1 (Rencher, 2002).
The factor loadings are the correlation coefﬁcients between the variables and
the principal components (PCs). As a general rule, variables with large loading
factors are representative of the component, while small loading factors suggest
that they are not (Hair et al., 1998). In deciding what is large or small, a rule of
thumb suggests that factor loadings greater than 0.4 are considered to meet the
bare minimal level of practical signiﬁcance (Ho, 2006). In this study we ﬁxed the
factor loading threshold at 0.5. The variables with high factor loadings on the ﬁrst
PCs are those that account for the majority of the variability between in the
dataset. To verify whether this variability is indicative of the clinical grade given
by the clinician, a Spearman’s rank correlation coefﬁcient was calculated between
this grade and the principal component scores of each knee evaluation.
AP translation magnitude 0.516
The features are listed in decreasing order of their factor loading values. To
simplify the interpretation, the factor loadings lower than 0.5 are suppressed and
are represented by blank spaces.
3. Results
The scree plot of the 15 ﬁrst eigenvalues shows that the ﬁrst
break occurs at the ﬁfth PC (Fig. 2), indicating that the ﬁrst ﬁve PCs
should be retained. However, only the ﬁrst four PCs have an
eigenvalue greater than 1; the ﬁfth eigenvalue is thus discarded,
resulting in four PCs.
The ﬁrst PCs account for the vast majority of the variance; the
ﬁrst four PCs explain 69% of the total variance, combined (Fig. 3).
Of the features that have factor loadings superior to 0.5 on one of
the ﬁrst two PC’s, all but one are accelerations of velocities(Table 3). Magnitudes of rotations and translation have higher
factor loadings on PC3 and PC4. For the features with the highest
factor loadings on PC1, there is a clear trend of higher values for
higher clinical grades (Table 4).
The Spearman’s rank correlation coefﬁcient between the
clinical grade and PC1 was 0.55. For PC2, PC3 and PC4, these
coefﬁcients were 0.09, 0.04 and 0.01, respectively.
Table 4
Mean values and standard deviations for all features of the pivot shift, according to clinical grade established by an orthopaedic surgeon.
Pivot shift feature Clinical pivot shift grade
0 1 2 3
Total translation acceleration (mm/s2) 0.21(0.12) 0.25(0.14) 0.34(0.20) 0.60(0.33)
AP translation velocity (mm/s) 42.5(33.2) 48.4(28.3) 58.5(38.1) 90.4(53.9)
Total translation velocity (mm/s) 91.2(60.9) 105.9(58.7) 127.6(68.9) 201.4(122.1)
ML translation acceleration (mm/s2) 0.02(0.33) 0.03(0.37) 0.25(0.50) 0.84(0.63)
AP translation acceleration (mm/s2) 0.14(0.07) 0.17(0.11) 0.18(0.11) 0.28(0.15)
Abduction acceleration (1/s2) 13.9(24.1) 3.31(32.3) 27.4(31.3) 36.3(44.8)
Tibial rotation velocity (1/s) 0.60(0.52) 1.43(1.05) 1.30(1.19) 1.77(1.55)
Tibial rotation acceleration (1/s2) 19.1(12.7) 26.1(18.6) 25.4(20.1) 38.7(27.5)
Tibial rotation magnitude (1) 5.5(6.6) 12.2(9.3) 9.8(7.4) 14.9(9.5)
Abduction magnitude (1) 8.0(5.8) 8.8(10.2) 9.7(8.2) 9.1(8.8)
Total translation magnitude (mm) 14.4(6.9) 15.8(6.4) 15.8(6.9) 16.9(5.4)
ML translation magnitude (mm) 2.2(12.6) 2.6(11.7) 3.2(11.4) 3.3(13.3)
Abduction velocity (1/s) 0.79(0.96) 0.70(0.96) 0.09(1.36) 0.07(1.71)
ML translation velocity (mm/s) 46.1(111.7) 65.0(102.8) 64.6(144.3) 42.7(249.3)
AP translation magnitude (mm) 0.1(4.7) 1.1(6.1) 3.9(5.27) 4.1(6.1)
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Different studies have recorded the kinematics of the knee
during the pivot shift test and attempted to correlate these
kinematics to the grades attributed by experienced clinicians in
order to quantify the pivot shift test (Bull et al., 2002; Hoshino
et al., 2007; Kubo et al., 2007; Amis et al., 2008; Lane et al., 2008b;
Lopomo et al., 2009). In doing so, such studies aimed to identify
and measure what it is that the clinician feels and evaluates when
he establishes a pivot shift grade. We have used PCA to establish
which kinematic features account for most of the variability in the
kinematics of the pivot shift and are therefore useful in
developing an objective measure of this phenomenon.
The kinematic features of the pivot shift which load on the
same PC correlate positively to each other. As such, it makes
sense that we can distinguish different categories of parameters
in Table 2 depending on which component they load on. The
features that load on PC1 are linear accelerations or velocities,
with the exception of the angular acceleration of abduction,
which is the least important. The group of features that load on
PC2 is composed only of tibial rotation and its derivatives.
The features that load on PC3 are magnitudes of movements
rather than their derivatives, except for the angular velocity
of abduction, which is right at the threshold of 0.5. As for PC4,
only two features load on it, with one barely reaching the
threshold, so it is difﬁcult to ﬁnd the common trait amongst these
features.
Fig. 2 shows that the eigenvalue of PC1 is much higher than
PC2. Therefore, the parameters that load on PC1 account for more
of the variability between recordings than the parameters that
load on PC2, and so on. Although the pivot shift has often been
described as a sudden motion composed of an external tibial
rotation and a posterior tibial translation, these features actually
account for only a small amount of the differences between
different pivot shift recordings. In fact, AP translation has only a
weak loading on the fourth PC and tibial rotation has a weak
loading on PC2 and PC3. More importantly, PC1 correlates to the
clinical grades attributed by experienced clinicians while PC2, PC3
and PC4 have virtually no correlation to this grade. This indicates
that not only does PC1 account for more of the overall variability
than the other PCs, but also that this portion of the variability is
related to the clinical grades. Table 4 supports this assertion as the
features in the ﬁrst rows, i.e. those with higher factor loadings on
PC1, show a clear trend towards higher values for higher grades. A
previous study also showed that these features correlate to the
pivot shift grade (Labbe et al., 2010) .Given that only PC1 correlates to the grade, the factor loadings
in Table 2 give insight into what features are differ between
different clinical grades. First, they conﬁrm that the translational
component of the pivot shift is more closely related to the grade
than its rotational component. This is in agreement with previous
studies that showed tibial rotation to vary greatly between
subjects and to be completely absent in some subjects with a high
grade of pivot shift (Bull et al., 2002;, Kubo et al., 2007). However,
it is the velocity and the acceleration of this translation that are
useful and not the actual magnitude. In addition, the acceleration
in the ML axis loads on PC1, indicating that the translation is not
always in a purely posterior direction. Kubo et al. (2007) also
found that the pivot shift is often observed as a posterolateral
translation rather than a posterior translation.
The subjective grading system that is currently used and which
is a reference or gold standard in attempts to quantify the pivot
shift describes the different grades as: none, glide, clunk or gross
clunk. There is no real notion of magnitude of displacement in this
description. While the difference between none and glide implies
some displacement versus no displacement, the terms clunk and
gross clunk are more related to a feeling of abruptness than to a
magnitude of displacement. The current subjective grading system
therefore distinguishes between no movement and some move-
ment but then goes on to classify those knees with some movement
based on suddenness of movement.
This is in agreement with our ﬁndings that the velocity and
acceleration of the translation account for much more of the
differences between the recordings than the actual magnitude of
displacement between the tibia and femur. The exception may be
in distinguishing grade 0 and 1 as there is no notion of
acceleration involved in these grades. Based on the results of
the current study, it would seem that a large part of what the
clinician is feeling is how sudden the bone displacement is and
that the actual magnitude of the displacement is less of a factor
than previously believed. Previous studies that investigated the
correlation between the grades and the kinematics of the pivot
shift found some correlation between the pivot shift grade and
velocity (Kubo et al., 2007) and acceleration (Hoshino et al., 2007)
of translation. However, to our knowledge, this is the ﬁrst study to
quantify the extent to which each kinematic feature of the pivot
shift accounts for variability between pivot shift recordings. We
have shown that the velocity and acceleration of translation are
the most useful features in distinguishing different grades, much
more so than the magnitude of this tibia translation.
Future attempts to develop a quantitative measure of the pivot
shift or a method for objectively attributing the grade should
D.R. Labbe et al. / Journal of Biomechanics 43 (2010) 3080–30843084focus more on velocity and acceleration of translation than on the
traditional features that are the posterior translation and tibial
rotation. The latter features may however be useful is distinguish-
ing between grades 0 and 1. Finally, when analyzing picot shift
kinematic, translation should be considered along both the AP and
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